In contrast to certain model eubacteria, little is known as to where transcription is initiated in the genomes of cyanobacteria, which are largely distinct from other prokaryotes. In this work, 25 transcription start sites (TSS) of 21 different genes of Prochlorococcus sp. MED4 were determined experimentally. The data suggest more than one TSS for the genes ftsZ, petH, psbD and ntcA. In contrast, the rbcL-rbcS operon encoding ribulose 1,5-bisphosphate carboxylase/oxygenase lacks a detectable promoter and is co-transcribed with the upstream located gene ccmK. The entire set of experimental data was used in a genome-wide scan for putative TSS in Prochlorococcus. A ±10 element could be de®ned, whereas at the ±35 position there was no element common to all investigated sequences. However, splitting the data set into sub-classes revealed different types of putative ±35 boxes. Only one of them resembled the consensus sequence TTGACA recognized by the vegetative s factor (s 70 ) of enterobacteria. Using a scoring matrix of the ±10 element, more than 3000 TSS were predicted, about 40% of which were estimated to be functional. This is the ®rst systematic study of transcription initiation sites in a cyanobacterium.
INTRODUCTION
Fossil and molecular evidence suggests cyanobacteria as a group of eubacteria which can possibly be traced back up to 3.5 billion years (1) . Photosynthesis evolved ®rst in an ancient cyanobacterium. It was the photosynthetic activity of cyanobacteria over hundreds of millions of years which produced all the oxygen in the atmosphere of this planet turning its originally reducing into oxidising conditions 1.5 billion years ago. As an endosymbiont, one or several cyanobacteria gave rise to the eukaryotic forms of photoautotrophs, among them all higher plants (2, 3) .
Estimations show that about 4500 (18%) of all nuclear genes of extant land plants might be derived from the cyanobacterial endosymbiont (4, 5) . Due to this history, cyanobacteria constitute an unusually diverse and heterogeneous group of prokaryotes, yet they form a coherent systematic group which is distinct in many features from other bacteria. Transcription has been investigated in several bacteria, with Escherichia coli being by far the best studied example. Escherichia coli uses seven different species of s factors to modulate promoter activation, among them the abundant s factor of housekeeping genes, s 70 (reviewed in 6). A consensus sequence of s 70 -dependent promoters has been established, and is de®ned by two consensus hexamers, TTGACA and TATAAT, centred 35 and 10 bp upstream of the site of transcription initiation (7) . To date (7th January 2003) the E.coli database REGULONDB (http://kinich.cifn. unam.mx:8850/db/regulondb_intro.frameset) contains information on 4641 predicted promoters and 2326 predicted transcription units (8) .
While the basic principles of promoter recognition and geometry of RNA polymerase are similar for all eubacteria, the actual sequences of promoter elements might not be. In cyanobacteria, this situation is further complicated by the presence of a truncated RNA polymerase subunit b¢ (or g) encoded by rpoC1 (9) and an additional subunit b¢¢ (or d) encoded by rpoC2. These subunits correspond to the N-and C-terminal parts of the b¢ subunit of other eubacteria plus an additional protein domain of~70 kDa, and are found in this split form in all cyanobacteria including Prochlorococcus, as well as in plant plastids. Schyns et al. (10) showed that puri®ed cyanobacterial RNA polymerase could not precisely initiate transcription at an E.coli promoter and, reciprocally, the E.coli holoenzyme could not at the promoter of a cyanobacterial phycobiliprotein gene. In other words, while RNA polymerases from enterobacteria and cyanobacteria share similar domains and subunits, they are not directly interchangeable. Thus, the known facts about E.coli promoter motifs cannot be extrapolated directly to any cyanobacterium.
Most of the knowledge about cyanobacterial transcription start sites (TSSs) to date comes from mapping of individual promoters in Synechocystis PCC 6803, the ®rst and for many years the only totally sequenced cyanobacterial genome (11, 12) . Recently, several other cyanobacterial genome analyses have been completed. Of the latter, we chose to analyse transcription initiation sites from Prochlorococcus sp. MED4 for the following reasons: it represents the ecologically most important group of chlorophyll b-possessing cyanobacteria (13) ; its genome is the most minimised of any freeliving photoautotroph, suggesting that it may possess only that part of the regulatory network of a cyanobacterial cell which is most fundamental and widespread. Therefore, our data provide information not only for comparison to related marine cyanobacteria but also to many other cyanobacteria.
MATERIALS AND METHODS

Culture conditions
Prochlorococcus sp. MED4 was grown in arti®cial seawater medium described previously (14) Cultures were kept under 10 mmol quanta m ±2 s ±1 continuous blue light at 19 T 1°C and harvested by centrifugation at 10 200 g for 10 min in a Dupont RC5C centrifuge.
Analysis of RNA
Total RNA was isolated as previously described (15) . Transcriptional start sites were determined by 5¢-RACE following the method of Bensing et al. (16) with modi®cations outlined in detail in Argaman et al. (17) . Dephosphorylation of RNA (10 mg) prior to ligation (control) was performed using 10 U calf intestine phosphatase (AP Biotech, Sweden) in a buffer containing 50 mM Tris±HCl pH 7.9, 100 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, at 37°C for 30 min, followed by phenol/chloroform extraction and ethanol precipitation. All enzymatic treatments of RNA were performed in the presence of 2 U Super RNase Inhibitor (Ambion, USA). An amount of cDNA equalling 75 ng of starting RNA was used as template in 30 ml PCR reactions, of which 15 ml (equal loading throughout the whole set of experiments) was run on 3% Nusieve agarose gels. Ampli®ed fragments were cloned into plasmid PCR 2.1-TOPO (Invitrogen) or pGEMT (Promega). After transformation into E.coli XL1-Blue, plasmid inserts were screened by colony PCR as described previously (17) . The PCR fragments were then puri®ed on QIAquick spin columns (Qiagen, Germany) and sequenced using an ABI 373 automatic DNA sequencer (Applied Biosystems).
List of oligonucleotides
For each gene to be tested, one deoxyribonucleotide was synthesized for reverse transcription (A-oligo) and a second, nested deoxyribonucleotide for the subsequent race PCR (B-oligo). Following the identi®cation of a TSS, for several genes a third deoxyribonucleotide (C-oligo) was employed that overlapped the TSS, with its 5¢ end located at least 10 nt upstream of the TSS. These served in a second series of RACE reactions as controls either to verify the detected TSS or to detect another, more upstream located promoter.
A complete list of all oligonucleotides used is part of the Supplementary Material, and is also available at http:// www.biologie.hu-berlin.de/~genetics/hess/hessproj.html.
Bioinformatics: datasets
The total genome sequence from the high light-adapted strain Prochlorococcus sp. MED4, which is very closely related to Prochlorococcus marinus ssp. pastoris PCC 9511 (14) , was used in the computer annotated version of November 2002 downloaded from an ftp site of the Joint Genome Institute (ftp://ftp.jgi-psf.org/pub/JGI_data/Microbial/ prochlorococcus/). The Prochlorococcus sp. MED4 genome sequence is also available from GenBank (accession no. NZ_AAAW00000000). A dataset was derived by using the annotated genes and RNAs resulting in 1745 upstream regions (UPR) from ±300 to ±1 calculated relative to the annotated translation start site or the ®rst nucleotide of functional RNAs. Following the removal of UPR < 50 bp, 1091 UPRs remained in the analysis. Because the sequence version of Prochlorococcus MED4 contained only one strand of the DNA, the UPRs of all genes and RNAs on the complementary strand were translated and reversed. The sets of UPRs were created using only non-coding sequences by masking the annotated coding regions located on the same DNA strand as the annotated gene or RNA. The input data used for the in silico studies were 25 experimentally determined TSSs of 21 genes found by a systematic analysis of promoters in Prochlorococcus MED4 (Table 1) .
Scoring matrix
A set of sites can be used to create a scoring matrix with the nucleotides A, T, C and G as columns and the binding site positions as rows. Each entry of the matrix is determined from the logarithm of the ratio of actually observed frequencies and the number of expected nucleotides.
The conservation of a position is given by the sum of the scores of one column of the scoring matrix. Thus, if the sum is close to 2 bits, it is completely conserved; 0 bits stands for no conservation (compare Fig. 2 ). However, for small sets of known sites zeroes appear in frequency tables such as seen in Figure 2 . Then it is appropriate to add pseudo-counts to each entry of the table (18) . Thus we added 1 to each entry of the table in Figure 2 in order to develop the scoring matrix designated W. The entries in this scoring matrix (Fig. 3) were obtained by taking the logarithm (base 2) of the ratio of observed to expected frequencies (18) , respecting the high AT content of 74% within the UPR of the MED4 genome (0.13 for C or G, 0.37 for A or T). As an example we take the ®rst position: the frequent nucleotide T gets a score of 
Software tools
All software tools used are freely available. The multiple alignments were performed with CLUSTALW 1.81 (19) . The sequence logos were created with WebLogo (www.bio. cam.ac.uk/cgi-bin/seqlogo/logo.cgi), developed by Schneider (20) . All other scripts were written in PERL and are available on request.
RESULTS
Experimental analysis
To experimentally determine sites of transcription initiation in Prochlorococcus sp. MED4, we employed a 5¢-RACE technique ®rst described by Bensing et al. (16) . Primary transcripts in bacteria carry a 5¢ triphosphate, which can be cleaved speci®cally by tobacco acid pyrophosphatase (TAP). The resulting 5¢ monophosphate would subsequently be ligated to the 3¢ hydroxyl group of an RNA oligonucleotide (5¢ adaptor), which here was followed by reverse transcription with a genespeci®c oligo (placed within the ®rst 200 nt downstream of a start codon) and PCR ampli®cation with a 5¢ adaptor and a nested gene-speci®c primer. TAP treatment is expected to yield a speci®c or at least strongly enhanced signal for primary transcripts in the ampli®cation step, as compared to untreated RNA samples (lane T+ in Fig. 1 ). Because of this selectivity for newly initiated transcripts among the pool of 5¢ ends, and the small amounts of RNA material required, we consider this technique more suitable for our approach than traditional primer extension analysis.
Upon cloning and sequencing of the ampli®cation product, the ®rst nucleotide downstream of the 5¢ adaptor RNA was assigned the transcription initiation site. Three controls were included in all experiments: RNA without any treatment, RNA 5¢ dephosphorylated using calf intestine phosphatase and RNA mock-treated in TAP buffer but omitting TAP (lanes U, C and T±, respectively, in Fig. 1 ).
We ®rst investigated three genes, pcb, psbA and psbDC, for which promoters had earlier been determined by primer extension (21) . The nucleotides found in the TAP-speci®c ampli®cation products were identical to those previously identi®ed as reverse transcription stops, except that primer extension in two cases had suggested two adjacent nucleotides as the mRNA 5¢ ends. Thus, the data obtained by 5¢-RACE are in agreement with the TSS determined by other methods and may be even more precise. We also found a second TSS for psbDC that had remained undetected in the previous study.
Typical examples extracted from the complete set of genes examined are shown in Figure 1 . In most cases, a single prominent band was obtained with TAP-treated RNA. The presence of weaker bands of the same size in some of the control reactions indicates that a minor proportion of the primary transcripts were present in 5¢ monophosphate form in the original transcript population. Sequence analysis of 2±14 individual clones revealed the ®rst transcribed nucleotide represented in each amplicon (Table 1) . For most genes all sequences showed an identical 5¢ nucleotide. In some cases a couple of clones (deaD, ntcA, ureE and ndhC) with deviating sequences were found exhibiting a scattered distribution of the respective ®rst nucleotide alongside the coding region. If these 5¢ ends were not found again in additionally sequenced clones, they would be considered the products of partial degradation of mRNAs in the absence of a major primary transcript. However, for some genes two groups of sequences with an identical 5¢ nucleotide were identi®ed in this analysis or subsequently using a second primer (C-oligo, see Materials and Methods) that overlapped the initially identi®ed TSS, namely ftsZ, psbD, ntcA and petH. These groups of 5¢ nucleotides were considered as evidence for multiple TSS if they corresponded in size with different TAP-speci®c bands (depending on gel resolution) (for example Fig. 1 , ntcA) or if they were consistently found with the respective C-oligo. In some cases, the experimentally mapped promoter overlapped with the coding regions of adjoining genes on the complementary strand (the TSS of ureE, petB, ndhC and psaF overlapped with the genes ureD, prc, rub and gcp, respectively).
Further sequence analysis showed that the preferred ®rst transcribed nucleotide is A (A >> G > C = T; Table 1 ). The distance between TSS and start codon was 12±177 nt for all investigated genes except rbcL. The length of the obtained 5¢-RACE fragment for rbcL was >500 nt and thus considerably longer than expected. Upon sequence inspection, it was found to include an additional gene, ccmK, located directly upstream of rbcL, and indicated a TSS 45 bp upstream of the ccmK start codon.
Bioinformatic analysis ±10 region. When aligning the 25 experimentally determined promoter sequences at their mapped TSS, over-represented nucleotides only appeared in the ±10 region and at the TSS. Two-thirds of the analysed sequences, petE, rpl21, psbH, psbA, ftsZ2, pcb, ntcA1, ndhC, psaF, psbD1, kaiB, psbD2, chlN, ftsZ1, petB, petH2 and rps12, revealed a preference for a purine (adenine or guanine) at the TSS, a thymine at ±7 and an adenine at ±11. The latter two conserved bases indicated the presence of a ±10 element at positions ±12 to ±7 for these 17 TSSs as well as for ureC and deaD, the only transcripts not starting with a purine. An alignment of this subset with CLUSTALW was used as a pro®le to align the remaining six promoter sequences, groES, rbcL (ccmK), coaT, ntcA2, petH1 and atpB. This resulted in positions ±13 to ±8 or ±14 to ±9 being suggested as ±10 elements because only here were conserved nucleotide positions found. The ±10 region of the ®nal alignment is shown graphically in Figure 2 (left) in the form of a sequence logo of all 25 sequences. Adenine (position 2) and thymine (position 6) are highly conserved. The ®rst position of the box seems to be semi-conserved, with a preferred thymine. This was also apparent from calculated counts of each base at each position shown in Figure 2 (right), which was taken subsequently to create a scoring matrix in the whole genome prediction.
±35 region. It was not possible to de®ne a ±35 region in one step since the set was too heterogeneous to obtain a conserved core by aligning all sequences at the TSS. Thus, sequences of 13 bp including the ±35 position plus 6 nt upstream and downstream were extracted from the 25 experimentally determined promoters and aligned with CLUSTALW (Table 3) . No conserved position or pattern common to all sequences was found even if a shift of these 13 bp within an 18 bp window was allowed. Therefore, the set was split into sub-classes. The ®rst four sequences inside the alignment shown in Table 3 are the most similar to each other, containing ®ve conserved positions at exactly the same upstream position, except the ±35 region of ftsZ2, which is shifted 1 bp to align with the other three regions, of ureE, petH2 and ndhC. Another group consists of kaiB, rpl21, rps12 and ccmK, aligned at the end after all others (Table 3) , because they are mostly dissimilar to the ®rst aligned sequences and exhibit nearly the same consensus sequence TTGACA of the ±35 region as recognised by the vegetative s factor s 70 of E.coli.
Whole genome prediction. This new knowledge about promoter structure in MED4 allowed the prediction of additional promoters in a genome-wide fashion. A set of UPRs was created using only non-coding sequences by masking the annotated coding regions. The information of the 25 aligned ±10 boxes was compressed in a scoring matrix W. A search was done for promoters which exhibited features similar to the experimentally veri®ed set, and the quality of the newly found ±10 boxes inside uncharacterised regions was measured by means of this scoring matrix W. The prediction was divided into three steps: (i) raster, a search for 6 nt as a potential ±10 region based on the known promoter structure in bacteria, ±35 region/space/±10 region/space/TSS/space/translation start site; (2) score, determining the weights of the potential boxes with a scoring matrix; (3) ®lter, using a ®lter (cut-off value) to reduce the false positive rate of the predicted boxes. Figure 3 illustrates the promoter prediction for one example, the ±10 box TATAGT of the gene kaiB. The distances between ±35 box and ±10 box (16 bp) and ±10 box and TSS (6 bp) are the typical spaces of the known promoter structure in E.coli and other bacteria. The distance range of 15±85 bp between TSS and translation start site was derived from the majority of the experimentally determined promoters in MED4 ( Table 1 ). Note that since only UPRs longer than 50 bp were searched, this raster would not detect promoters in small UPRs within tightly clustered operons or in coding regions. A search using this raster within the UPR data set resulted in 6 nt for the position of the ±10 box. The identi®ed matches for possible ±10 regions were weighted using the scoring matrix W. In the last step a cut-off value was chosen to ®nd putative ±10 boxes in the scored matches. The value of the threshold was the lowest score that appeared for one of the known boxes. In Table 2 the scores for the known promoters are listed (weighted with scoring matrix W). The ±10 box of gene rpl21 exhibited the lowest score, used as the cut-off value of 2.5.
The prediction was done within the data set UPR that initially contained 1726 regions upstream of annotated protein-coding and RNA genes. Excluding all UPRs shorter than 50 bp, about 1000 regions remained. Those 700 genes of MED4 excluded from the analysis are likely to be organised in operons with other genes. Consequently, one can expect to ®nd about 1000±2000 genuine promoters in MED4, because a gene may have more than one promoter. For example, in E.coli the topA gene is transcribed from ®ve different promoters (22) , and transcription of the ftsZ gene is driven as part of the division and cell wall gene cluster by at least six different promoters (23) .
If the prediction of ±10 boxes drastically exceeds this estimation of 1000±2000 genuine promoters, the promoter prediction may contain many false positives. Therefore, the search parameters, length of scanned UPRs and scoring matrices, were varied to reduce the number of predictions (see Materials and Methods). Finally, 3624 predicted boxes were found inside the set UPR (space 15±85 bp between TSS and translation start site) by weighting with scoring matrix W (includes one pseudo-count and an AT content of 74%) (Fig. 3) . The promoter prediction was tested for the UPRs of the 21 genes used for the experimental promoter analysis. Rankings and scores of the respective TSSs are presented in Table 2 . Only three of the known ±10 boxes (12%) were missing in this prediction. The full prediction results can be downloaded from http://www.biologie.hu-berlin.de/~genet-ics/hess/hessproj.html. An independent promoter prediction run with settings based on the analysis of 272 E.coli promoters (http://www.fruit¯y.org/seq_tools/promoter.html) predicted about ®ve times more promoters than found for the experimental data set, whereas 23 of the known sites were missing ( Table 2 ). This emphasises the need to generate initial promoter data from the organism to be analysed, rather than relying on data from other eubacteria for promoter predictions in cyanobacteria such as Prochlorococcus.
DISCUSSION
Small genome size (24, 25) and a lack of several otherwise widespread regulatory components in Prochlorococcus suggest a comparatively simple organisation of the regulatory system of this organism. The recently completed analysis of several total genomes within this genus now opens the possibility for systematic studies of its gene expression and regulatory systems. Here, several intriguing features were unravelled by mapping of TSSs directly in 5¢-RACE experiments and by using a computational strategy to gain insight into general features of promoter architecture of this ecologically important cyanobacterium.
Firstly, a cross-species comparison turned out to be informative for two genes, rbcL and ntcA. The ®rst nucleotides of the ccmK-rbcLS transcript in MED4 are highly similar to the ®rst transcribed nucleotides described for the Synechococcus WH 7803 ccmK-rbcLS transcript (26) . While there is no evidence that this has regulatory or other relevance, it is intriguing that in both marine cyanobacteria the rbcLS genes are part of the same tricistronic operon including the ccmK gene. rbcLS encodes ribulose bisphosphate carboxylase, the key enzyme of photoautotrophic carbon assimilation. The gene ccmK (or csoS1A) and four additional genes (csoS2-csoS3-orfA,B for carboxysome peptides A and B) located immediately downstream of rbcLS encode components of the carbon concentrating mechanism. There is evidence that the whole gene cluster was transferred into marine cyanobacteria by horizontal gene transfer from g proteobacteria (25) . Thus, a conservation of TSS identi®ed here and in WH 7803 may indicate conservation of regulatory elements over a wider evolutionary distance. Indeed, a comparison of the regions upstream of ccmK revealed that this is the case. If the here de®ned ±10 and ±35 sequences for Prochlorococcus MED4 (Tables 2 and 3 ) are compared to the information that is available for Synechococcus WH 7803, Synechococcus WH 8102 and Prochlorococcus MIT9313, a perfect and almost perfect conservation of the ±35 and ±10 elements, respectively, can be seen (Fig. 4) . Thus it has become possible to predict a TSS for this operon in the other two species for which there is no experimental information (26) . This illustrates how this data set might be utilised for tentative identi®cation of promoters and regulatory sequences in other cyanobacterial species. The positions ±12 to ±7 were found for the majority of TSSs, except that it was ±13 to ±8 for ntcA2, groES, rbcL, petH1 and coaT and ±14 to ±9 for atpB (see Tables 1 and 2 ).
Spacings and sequences of the two found TSSs for ntcA correlate well with data for NtcA-activated genes from other cyanobacteria. Typically, such a promoter contains an NtcA-binding site GTAN 8 TAC and a TAN 3 T ±10 element and regulates a TSS 33±38 nt downstream of the ®nal C of the binding site (27) . Here, an NtcA-binding site Experimentally, 25 TSS were determined leading to 25 known ±10 regions found with CLUSTALW. The developed raster±score±®lter method predicts 69 putative ±10 boxes for these 21 upstream regions whereby three of the known ±10 regions are missing due to the de®ned space of 15±85 bp between the TSS and translation start site. Thus, the prediction ®nds about three times more promoters than are experimentally veri®ed. On the other hand, if one ranks the predicted boxes due to their scores, 21 of the known sites are high scoring: 10 of them are top scoring, seven in the second rank and four are ranked at the third position. The scores of the ±10 boxes have been rounded. Minus stands for missing in the prediction. For comparison, a Neural Network Promoter Prediction (NNPP) was run with settings for prokaryotes and a minimum score of 0.8 (NNPP available at http://www.fruit¯y.org/seq_tools/promoter.html). About ®ve times more promoters were predicted than found but 23 of the known sites were missing using NNPP. The number of missing sites was reduced to 16 if a shift was accepted of 1 bp between predicted and known TSS, as denoted in parentheses. (tGTtactgttgaTAC, nucleotides in upper case letters match the consensus) frames the ±10 box of TSS1 and is suggested to regulate TSS2, which is 35 nt downstream and has TAAGTT at its ±10 (Table 1) . Thus, this situation resembles the canonical ntcA-activated promoter. A very similar organisation was described for the nblA and ntcA promoters of Synechococcus 7942 (28, 29) and the ntcA promoter of Synechococcus WH 7803 (30) . For ntcA promoters in both strains, the TSS closest to the start codon is under autoregulation by NtcA and activated only in the absence of ammonia, whereas the other is used constitutively (29, 30) . The data here indicate a similar regulatory mechanism in Prochlorococcus MED4. Indeed, activation of ntcA expression under nitrogen deprivation was found in Prochlorococcus (31). Yet this mode of ntcA regulation is intriguing, taking into account the absence of several genes for cyanobacterial nitrogen uptake and assimilation from the genome of Prochlorococcus MED4 and the lack of an ability to assimilate nitrate and nitrite (32, 33) . Secondly, the gene product of kaiB, along with those of kaiA and kaiC, is considered a core component of the circadian clock of cyanobacteria (34±36). The observation of a synchronised cell cycle (37, 38) and circadian gene expression pattern in the natural environment as well as in the laboratory (39, 40) provide some evidence for the existence of a circadian clock in Prochlorococcus. The promoters of kaiB and rpl21 detected here are each on the complementary strand with regard to each other, yet the distance between the ±10 elements and TSS is only 6 and 30 nt, respectively (Table 1) . Thus the two promoters are physically linked. Interestingly, the 9 nt around the kaiB TSS ttAgtcaAg (®rst transcribed nucleotide in upper case) are found in Prochlorococcus MIT9313 upstream of kaiA. Thus, the data might be considered as evidence for the conservation of the kaiA promoter during evolution of the Prochlorococcus group due to the linkage to rpl21, whereas the native kaiB promoter might have been lost together with the gene kaiA.
Thirdly, computational analysis revealed some general features of the promoter architecture in this hitherto scarcely investigated cyanobacterium. The 25 experimentally identi®ed promoter regions revealed a consensus promoter structure similar to other eubacteria. The ±10 region and TSS are separated by about 6 bp; the TSS and translation start site are separated by 15±85 bp in most cases. The ±10 box itself exhibits three conserved nucleotides, T(±12), A(±11) and T(±7), which partly represents the well-known consensus TATAAT of E.coli and Bacillus subtilis. The ±35 regions of the promoter set are suggested to de®ne subsets. Although the spacing between the ±10 and ±35 regions differs by up to 3 nt, a consensus is found similar to the known consensus-type sequence TTGACA for housekeeping genes of E.coli for one of these subsets containing the genes kaiB, rpl21, rps12 and ccmK.
Based on this promoter consensus sequence, and including a minimal distance between the TSS and translation start site while excluding regions more distant than seen in the majority of the experimentally veri®ed promoters, new promoter regions were predicted in the Prochlorococcus MED4 genome. In a preliminary run, more matches than the estimated 2000 genuine promoters within the whole genome were scored, indicating false positives. Different strategies and parameters were tested to reduce the rate of false positives. It turned out that over-prediction was less severe by using a scoring matrix W that included one pseudo-count and took into account the high AT content of the MED4 genome. In this case, 3652 promoters were predicted for 1091 transcription units in MED4. The problem of in silico predictions exceeding the number of genuine promoters is well known. It remains a challenging task to minimise false positives even in the case of a well-studied bacterium such as E.coli, for which the predictions of 2326 transcription units and 4641 promoters are three to six times higher than the number of known objects (http://kinich.cifn.unam.mx:8850/ db/regulondb_intro.frameset) (8) . Furthermore, the fact that unique sequences were found for only 12 of the 25 TSSs implies that the derived scoring matrix could still be improved by more experimental data. There are several limitations in range and threshold or caused by the existence of promoter subclasses, i.e. recognition by different s factors. Other features of the DNA structure itself, e.g. DNA bending, add to this problem. As an example, the hidden Markov model of Yada et al. failed to recognise 40% of 390 known transcriptional units in E.coli (41) . Thus, the accuracy and signi®cance of this prediction problem is far from trivial. Moreover, in MED4 nearly 20% of the experimentally determined promoters overlap with coding regions on the complementary strand, which could be due to the extremely small genome of Prochlorococcus (1.66 Mb), in which all genes for a marine cyanobacterium, including a complete photosynthetic apparatus, have to be encoded.
In eubacteria, the expression of distinct sets of genes under varying environmental conditions or in post-exponential stationary phase is controlled by alternative s factors that provide differential promoter preferences to the RNA polymerase core enzyme. In E.coli, under stress conditions or in stationary phase, the alternative RNA polymerase subunit s S and the vegetative factor s 70 coexist. It is a paradox that the two holoenzymes transcribe different sets of genes, yet both recognise promoter sequences that are basically very similar. In contrast, another E.coli s factor, s 54 (or s N ), employs a different mechanism. It requires transcriptional activators binding enhancer sequences relatively far upstream from the TSS and acts therefore over a longer distance (42) . Promoter selectivity between the s S and the s 70 RNA polymerase in E.coli is achieved by subtle differences in the elements surrounding the ±10 and ±35 elements, different degrees of local DNA superhelicity and by the fact that the s S polymerase tolerates partial degeneration of the ±35 box better than the s 70 enzyme (43) .
Cyanobacteria generally lack genes encoding a s 54 factor, however, in analogy to s S of E.coli they frequently have multiple copies of genes encoding additional s factors. According to functional information and phylogenetic analysis, s factors have been categorised into group 1 (the vegetative factor, essential), group 2 (additional but nonessential factors, structurally related to group 1) and the structurally different group 3. The high number of group 2 s factors in cyanobacteria in contrast to the single alternative E.coli s S factor is thought to be relevant for adaptation to highly variable environmental conditions and actually a key to better understand the biology of cyanobacteria. Prochlorococcus MED4 has ®ve s factor genes (W.R. Hess, G. Rocap and S.W. Chisholm, unpublished results), as opposed to nine in Synechocystis PCC 6803 (12), 12 in the chromosome and on plasmids of Anabaena PCC 7120 (44) and eight in Thermosynechococcus elongatus BP1 (45) . Phylogenetic analysis shows that one gene codes for a group 1 vegetative s factor and four for group 2 additional factors (W.R. Hess, G.Rocap and S.W. Chisholm, unpublished results). In Synechocystis PCC 6803 group 3 s factor polypeptides were not detectable under normal physiological conditions (46) . SigF in Synechocystis PCC 6803 is critical for the control of motility (47) , for which the potential target genes simply do not exist in Prochlorococcus MED4. Thus the absence of a group 3 s factor gene in MED4 argues for a lack of certain regulatory loops in this cyanobacterium. According to the total genome sequence, the regulatory and adaptive capabilities of this cyanobacterium have been highly reduced in concert with its very small genome size (25) . Therefore it is highly likely that the products of the four putative group 2 s factor genes in MED4 are involved in the most essential regulatory processes for a cyanobacterium that otherwise sustains a high growth rate and a dominant role in its ecological niche (13, 48) . Group 2 s factors SigB and SigD in Synechocystis PCC 6803 have been suggested as the heat shock-and high light-responsive s factors in this cyanobacterium (46) , while SigB and SigC in Anabaena PCC 7120 are expressed in response to nitrogen and/or sulphate starvation (49) . The four group 2 factors of MED4 are probably implicated in similar processes, such as nutrient limitation or high light stress responses. Recent results of in vitro transcription experiments have indicated that group 1 and group 2 s factors in the cyanobacteria Synechococcus PCC 7942 and Synechocystis PCC 6803 exhibit the same promoter selectivities with regard to the ±10 and ±35 elements (46, 50) . Therefore, the promoters found in this study might actually derive from the activity of differentially composed RNA polymerase complexes, including those using additional s factors, or even the activity of particular transcription factors. Cross-species comparison of the 5¢-UTR of ccmk-rbcLS from marine cyanobacteria. The experimentally identi®ed TSS (labelled by arrows above the sequence), 5¢-Gaacat for Prochlorococcus MED4 (this work) and 5¢-gAacat for Synechococcus WH 7803 (21) , are part of a conserved nucleotide motif at the mRNA 5¢ end. A strong conservation of this motif and of the suggested ±10/±35 regions from MED4 is not only obvious in the two species but also apparent in Synechococcus WH 8102 and Prochlorococcus MIT9313, for which no experimental data exist.
The identi®cation of two TSSs for ntcA, one possibly induced under nitrogen limitation, illustrates that transcription initiation at some stress-controlled promoters might have been detected here.
In summary, the experimental and computational analysis done here de®nes the basic elements for a transcription initiation site in Prochlorococcus MED4. As a result, based on the available total genome sequence, more than 3000 TSSs were predicted. The comparison between experimentally determined and predicted TSS for a set of 21 different genes suggests that about 40% of the prediction can be estimated to be functional. Thus, the results of this genome-wide scan will be useful for the future re®ned analysis of the regulation of gene expression and of the architecture of transcriptional units in bacteria.
